Leukocytes are immune cells involved in host defense. To reach sites of inflammation, leukocytes roll along the vascular endothelium (lining the blood vessel interior surface) by a series of molecular bonds between the leukocyte and the endothelium that rapidly form and dissociate. The bonds almost balance the dispersive forces exerted on the leukocyte by the flowing blood, such that each rolling leukocyte travels at a fraction of its free-flow velocity [1] .
Human neutrophils, a type of leukocyte belonging to the innate immune system, have surface ruffles, called microvilli ( Figure 1A ) [6, 19] , on which the sialomucin P-selectin glycoprotein ligand-1 (PSGL-1 or CD162) is expressed [34] . Most leukocyte rolling is mediated by PSGL-1 binding to P-selectin (CD62P) expressed on the inflammation-activated endothelium ( Figure 1B) . A semianalytic computer model of rolling has been developed by Tö zeren and Ley [44] , which was refined by Krasik and Hammer [24] . A direct three-dimensional (3D) computer model of cell rolling, adhesive dynamics (AD), was introduced by Hammer and Apte [18] , and greatly developed over time by Hammer and his coworkers [4, 7, 8, 25] . They introduced a state diagram for adhesion [8] , selectin, and integrin interactions [4, 25] , as well as bound state microvillus extension and tether formation [7] . Yu and Shao [46] discussed possible endothelial tether formation, using a modified version of the AD model. Khismatullin and Truskey [23] and Jadhav et al. [22] modeled whole leukocyte deformation, which for cell rolling at high wall shear rates has been shown experimentally to be a highly significant factor [9] . All the above models simulate cell rolling by using fixed time intervals. An inherent limitation of such models is that the bond formation and dissociation events are implemented at the end of each time interval, and the natural sequence of those events during the time interval cannot be reconstructed. Therefore, differences in cell behavior because of particular sequences of events, cannot be identified.
Here, we develop a varying time interval, 3D, direct, stochastic p-calculusÁdriven event-tracking model of adhesion (ETMA) to capture the dynamics of, and make predictions about, leukocyte rolling. ETMA is the first direct rolling model that implements bond formation and dissociation events at the moment when they occur, thus simulating the natural sequence of consecutive events. Based on this model, we present a case study of human neutrophils rolling on a uniform substrate of P-selectin, such as may exist in flow chamber systems. In this study, we analyzed the formation and dissociation of bonds, their temporal and spatial distributions, and how they influence cell motion. In particular, we studied bonds that become load bearing. The load-bearing PSGL-1ÁP-selectin bonds are responsible for the jerky ''stop-start'' motion seen in rolling. There is extensive prior literature on computational [4,7,8,18,22Á25,44,46] and experimental studies [6, 26, 27, 30, 31, 36, 43, 45] of leukocyte rolling. However, the load-bearing bonds*that is, bonds that determine the leukocyte's rolling behavior*have not been rigorously identified and investigated. We also examined how changes in wall shear rate, Pselectin site densities, number of microvilli, and temperature influence rolling. Finally, we compared some of the predictions made by the computational model with experimental data.
MATERIALS AND METHODS

Model Principles
Event-tracking modeling of biological processes emerged as an application of Priami's [38] stochastic version of Milner's [33] p-calculus theory. The theory of Priami is suitable for a biological system in which the reaction rates for all possible events at each point in time are known. The basic idea of stochastic p-calculus is to model the dynamic behavior of the system on a race-condition basis. All the possible events at a given point in time compete for the next event by each declaring its time of occurrence (the time is selected according to the exponential distribution corresponding to the event's reaction rate), and the fastest event succeeds. The winning event is implemented, and the race starts again. The continuity of exponential distributions ensures that the probability of having two simultaneous winner events is zero. The modeling progresses by varying time steps, dictated by the time intervals between consecutive events. The ability of tracking consecutive events independent of any predefined time resolution makes the p-calculusdriven based stochastic simulation highly accurate, thus providing a better explanation of system behavior.
The idea of a stochastic p-calculusÁdriven modeling of cell adhesion was introduced by Lecca et al. [28] . Their model includes four different bond interactions with constant reaction rates. Since Lecca's model does not consider the cell's motion, only the instantaneous numbers of bonds were studied in [28] .
Model Assumptions
The subject of our simulation was a human neutrophil rolling on P-selectin. The physiological and biophysical parameters of the process, selected based on [2, 3, 6, 10, 11, 17, 29, 32, 34, 35, 37, 40, 42, 47] , are listed in Table 1 . The neutrophil is modeled as a spherical body, with microvilli distributed randomly on its surface. The microvilli have some flexibility (they can bend, and they can pivot at their base [41] ). The PSGL-1 molecules (ligands), physiologically existing as dimers, are present on the microvilli tips [6] . The model ligands are attached at the microvilli tip centers and each represents a dimer. The endothelium is modeled as a plane (plane xy in Figure 1B ) expressing randomly distributed P-selectin molecules (receptors). Due to fluid flow, the neutrophil translates in the positive x direction with instantaneous translational velocity, V tr and rotates clockwise about its center in plane xz with instantaneous rotational velocity, V rot . The rotational velocity is calculated as the product of the cell body radius and angular velocity with which the cell rolls. We neglected the effect of inertia due to the low Reynolds number [12] . To reduce the computational load, we neglected the cell's small (of an order of91 mm, based on our experiments), instantaneous translations in the y direction and rotations in planes other than plane xz. We neglected the bound state microvillus extension and tether formation. Since our analysis was limited to low wall shear rates, the microvillus extension, if modeled, would be of an order of a few nanometers and the microvillus force would be too small to form a significant tether (unpublished preliminary data from our modeling of microvillus deformability, based on Shao et al. [41] ). We also did not account for whole cell deformability, which is negligible at low shear rates [9, 22] .
At least one of the spherical or planar surfaces is assumed to have a compressible layer, called the glycocalyx, a source of a repulsive force that prevents the cell from colliding with the plane [2] . The mechanical work, G(h), needed to overcome nonspecific repulsive forces to bring a unit area of cell membrane from an infinite separation from the planar surface to a separation distance of h is given by [2] , as shown in Equation 1:
where j and t are the repulsion constant and effective thickness of the glycocalyx, respectively. The magnitude of the repulsive force, F rep, acting on the cell in the positive z direction is obtained by integrating the derivative (G'(h) over the xy plane.
To accommodate freely bending microvilli, we calculated the repulsive force assuming a sphere radius of r cm 0r c '2r m , where r c and r m are the cell body and microvillus radii, respectively.
In the model, like in flow chamber experiments, the neutrophil is brought to the vicinity of the plane by gravitational force, where the first receptor-ligand bond formation can occur. The gravitational force is caused by a small difference in density between the neutrophil and the suspending media. In vivo, a a Additional parameters used in the sensitivity analysis.
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where L m is the microvillus length, r c is the cell density, r is the suspending medium density, and g is the gravitational constant.
Bond Properties
Bonds form and dissociate, depending on the separation distance between receptors and ligands, under probabilistic rules governed by measured bond kinetics [3, 10] . Dembo's model [10] is used to calculate the forward (bond formation) and reverse (bond dissociation) reaction rates, as in [18, 22, 23] . If the separation distance, L sep , between the microvillus tip center and the receptor base is greater than the equilibrium bond length, l, the forward reaction rate, k f , is defined as shown in Equation 3:
and the reverse reaction rate, k r , is defined as shown in Equation 4:
where k f 0 is the equilibrium forward reaction rate, k r 0 is the equilibrium reverse reaction rate, s is the bound state spring constant, s ts is the transition state spring constant, k B is the Boltzman constant, and T is the absolute temperature. If the separation distance, L sep , between the microvillus tip center and the receptor base is smaller than or equal to the equilibrium bond length, l, then k f 0k f 0 and k r 0k r 0.
Most newly created bonds bear no load initially. Some dissociate before becoming load bearing. Due to the cell's motion, bonds can become load bearing (i.e., positioned in a straight line with the microvillus and stretched beyond the equilibrium length, l, as seen in Figure 1B) , imposing on the cell forces in directions opposite to the direction of blood flow and downward toward the planar substrate, also adding torque in the y direction about the cell center. The formation of load-bearing bonds slows down the cell's translational motion and can, if these bonds are sufficient in number, bring the cell to a stop until one or more load-bearing bonds break. Dissociation of load-bearing bonds speeds up the cell's translational motion, or starts the cell moving again if it was transiently at rest.
If the length of a bond is greater than l (i.e., the bond is load bearing at length L sep ), the magnitude of the bond force, F b 0(F bx , F by , F bz ), acting on the cell is calculated according to the Hookean spring model, as shown in Equation 5:
and the bond torque in the y direction about the cell center is calculated as shown in Equation 6:
where x c and z c are the x and z coordinates of the cell center, and x m and z m are the corresponding coordinates of the microvillus base center. F b 00 and T by 00 for L sep 5l. Equation 5 yields values for F bx and F bz , the bond force components in the x and z directions. Let Equations 7 and 8 be:
and Equation 9 be:
where the summation is over all the load-bearing bonds. F Bx, F Bz , and T By represent the total bond force components in the x and z directions and total bond torque in the y direction acting on the cell, respectively.
Changes in the number of load-bearing bonds cause fluctuations in the separation distance between the cell body and the substrate and, therefore, change the size of the contact area (i.e., a circular area of the substrate where receptor-ligand bond formation can occur). In the model, instead of dealing with the constantly changing size of the contact area, we used a fixed-size area on the substrate under the cell (i.e., test area) where we check for bond formation. The test area is sufficiently large to accommodate the limiting case when the cell body would touch the substrate. The test area is larger than the true contact area at all times. This has no effect on the results of simulations, as long as the test area contains the actual contact area. The computer keeps track of all the receptors in, and ligands above, the test area. However, as the cell moves away from the substrate, more receptors near the edge of the test area do not participate in rolling, since they cannot reach any ligands. The volume between the test area and the cell body surface is called the contact zone.
Model Algorithm
The model tracks consecutive events and cell motion. An update of the cell position between events is performed, if needed. A time step of 10 ms for wall shear rates of 50 s (1 or lower was found to be sufficient to capture the cell motion, because using a time step of 1 ms did not significantly alter the results. If consecutive events occur very often, less than or equal to^t 010 ms apart, the modeling procedure can be described as follows. At the beginning of the simulation a spherical cell is positioned slightly below near the vertical balance point. The positions for microvillus base centers and receptor bases in the contact zone are selected randomly taking into account the microvillus radius and microvillus and receptor densities. Cell velocities, translational V tr1 , rotational V rot1 , and vertical V ver1 (i.e., perpendicular to the substrate) are calculated. A competition for the first bond formation event reveals the fist time step,^t 1 5^t, and points to a receptor-ligand pair that will realize the event. At the end of time step^t 1 , the following four steps are conducted:
Step 1. The selected event is implemented.
Step 2. Positions of the cell center, microvillus base centers, and receptor bases are updated from^t 1 and V tr1 , V rot1 , and V ver1 .
The new contact zone is organized (including selecting microvillus base centers and receptor bases in the leading, new part of the zone).
Step 3. New cell velocities, V tr2 , V rot2 , and V ver2 , are calculated from the updated positions and bond forces acting on the cell. Step 4. Competition for the next event determines the next time step,^t 2 5^t, and points to a free (i.e., not bound) receptor-ligand pair or to a bond that will realize the event.
Repeating Steps 1Á4 (using the most recently obtained time step instead of^t 1 , and the most recently calculated velocities instead of V tr1 , V rot1 , and V ver1 ) a number of times completes the simulation. If the time to the next event happens to be greater than^t, then the next time step is equal to^t , and the simulation proceeds, as described above, with the exception of Step 1 (i.e., no event is implemented).
Cell Velocities
The cell translational velocity, V tr , is calculated from Goldman's equations [14, 15, 24] , as shown in Equation 10:
with D 0F x r* T y t* Á F x t* T y r*
, and with the shear force and torque magnitudes, as shown in Equations 11 and 12:
where F Bx is given by Equation 7, T By is given by Equation 9 , m is the suspending medium viscosity, g is the wall shear rate, and
, and T y s* are functions of z c /r c given by Goldman et al. [14, 15] . The cell rotational velocity, V rot , is calculated from Goldman's equations [14, 15, 24] , as shown in Equation 13 :
if the right-hand side of Equation 13 is less that V tr , V rot 0V tr otherwise. The cell vertical velocity, V ver , is calculated based on Brenner [5] and Equations 1, 2, and 8, as shown in Equation 14:
where j is the Brenner correction function of z c /r cm for Stokes Law when a sphere moves near a planar surface.
Competition for the Next Event
For a free receptor-ligand pair number n (n01, 2, . . . N) with a forward reaction rate of k fn , the time to its bond formation can be selected as shown in Equation 15 :
and for a bond number m (m 01, 2, . . . M) with a reverse reaction rate of k rm , the time to its dissociation can be selected as shown in Equation 16:
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where a n and a m are numbers selected randomly from the uniform distribution of values between 0 and 1, N 0(N rec )(N lig ), and N rec , N lig , and M are the numbers of free receptors, free ligands, and bonds in the contact zone, respectively. Equations 15 and 16 reflect the fact that the cumulative distribution function of waiting time to an event is a uniformly distributed variable between 0 and 1 [20] . The winner is a free receptor-ligand pair or a bond that will react first, that is, in t 0min{t f1 , t f2 , . . .
If there is a set of events having the same reaction rate, Gillespie's algorithm [13] is used to reduce the computational load. For the set of N set possible free receptor-ligand pairs, each with its L sep 5l, we select the time to the next bond formation for the set, as shown in Equation 17 :
and point to the receptor-ligand pair number n set (n set is a positive integer not greater than N set ) that will realize the event as one satisfying inequality, as shown 18:
where a 1 and a 2 are numbers selected randomly from the uniform distribution of values between 0 and 1. Similarly, using k r 0 instead of k f 0 , for the set of bonds each with its L sep 5l, we select the time to the next bond dissociation for the set and point to a bond that will realize the event. The winners from both sets compete (in the manner described at the beginning of this subsection) with the free receptorligand pairs and bonds not belonging to either set to establish the next event for the system.
Other Model Properties
In addition to tracking all free microvilli in the contact zone and all bonds inside and outside of the contact zone, ETMA tracks all free receptors in the contact zone and, therefore, imposes no restrictions concerning the angle between the bond and the substrate when the bond formation occurs (i.e., the angle can differ from 90 degrees). ETMA assigns flexibility to the microvilli and, therefore, imposes no restrictions concerning the minimum cell body to substrate separation distance (i.e., the separation distance can be less than the microvillus length and almost as small as the microvillus diameter), allowing the microvillus to bend if the space between the cell body and the substrate cannot accommodate its full length. In these cases, we assigned a value of zero for the vertical, z coordinate of the microvillus tip center, accounting for microvillus bending and likely deformation.
RESULTS
Case Study
The subjects of our case study were human neutrophils rolling on a planar P-selectin substrate under the parameters listed in Table 1 . The instantaneous displacement and translational velocity, V tr , observed at a time resolution of 10 ms or better for one neutrophil in the study (also referred to as the sample cell) during the first 10.5 seconds of the simulation are shown in Figure 2A and 2B, respectively. Figure 2C gives a closer look at 0.01 seconds of the V tr profile. The displacement data of Figure  2A filtered to 30 frames per second, a time resolution commonly used in experiments, yield a translational velocity trace similar in character to experimental results ( Figure 2D and 2E) . The neutrophil's average translational velocity, under the conditions investigated, is 3.18 mm/s, which corresponds well with experimental data. An initial period of time during which the cell approaches the substrate for the first time (in this case, a period of 0.1 seconds) is excluded from the calculations of numerical averages.
The scatter plot in Figure 3A shows the neutrophil's instantaneous rotational velocity, V rot , versus its translational, V tr . The changes in V rot are seen as individual traces when V rot BV tr . Otherwise, they all fall on the V rot 0V tr line. The average value of ratio V rot /V tr computed for the neutrophil's rolling is 0.9. A slip occurs (slip velocity, V slip 0V tr (V rot ) when there are no load-bearing bonds or the total load of the load-bearing bonds is small. A slip velocity of 10% is within the range of experimental results [44] . The neutrophil's instantaneous velocity in the z direction is shown in Figure 3B and 3C. After the initial 0.1 seconds, the cell's body rolls on the substrate at an average separation distance of 164 nm ( Figure 3D ). This is less than the microvillus length, so that some of the microvilli must bend while under the neutrophil.
On average, the rolling neutrophil forms about 18 bonds with the substrate, which is less than predicted by very early modeling and experimental
results [21] ( Figure 4A , black curve). Fluctuations in the number of bonds are consistent with the cell pause and movement stages of rolling. During a pause the number of bonds generally increases, and it generally decreases during acceleration. On average, only four bonds are load bearing ( Figure 4A , red curve). A sudden, large increase in the number of load-bearing bonds, followed by a slower, steptype decrease, is a common pattern ( Figure 4B ). A comparison with the V tr profile reveals that sudden large increases in the number of load-bearing bonds initiate pauses in cell motion ( Figure 4B ).
In order to understand the nature of patterns such as those in Figure 4B , we analyzed in detail the sudden increase (marked with an asterisk in Figure 4B ) in the number of load-bearing bonds, from one loadbearing bond (of 24 existing bonds) at time t 1 0 6.0528 s to seven load-bearing bonds (of 24 existing bonds) at time t 2 06.0536 s. Figure 5A and 5B show the positions of the bond-receptor bases (i.e., places where the receptors are attached to the substrate) at times t 1 and t 2 , respectively. The red circles indicate the receptor base positions of load-bearing bonds, while the gray circles indicate the receptor base positions of other existing bonds. In 0.8 ms, the one load-bearing bond in Figure 5A is joined by six newly load-bearing bonds in Figure 5B . There is one four-bond cluster fully load-bearing and two twobond partially load-bearing clusters (all three marked by solid ovals in Figure 5B , each containing at least one red circle), with each cluster corresponding to a different microvillus. In addition, there is one four-microvillus cluster (marked by a dashed oval in Figure 5B ) that is partially load bearing. Among the bonds that do not bear any load, there are one four-bond, two three-bond, and two twobond clusters (all five marked by solid ovals in Figure 5B , each containing gray circles only). Our simulation shows that the simultaneous existence of several bonds involving the same microvillus is typical, and that microvilli can be located close to Almost all the load-bearing bonds reside in a halfmoon shape on the neutrophil's trailing side ( Figure  5AÁ5D ). Figure 6A is a cumulative map for a sample of all the 397 load-bearing bonds observed during the cell's rolling over 14 seconds. Each bond is represented by two asterisks, one red and one black, both with the same y coordinate. The red asterisk marks the position of the receptor base with respect to the cell center when the bond becomes load bearing (i.e., load position), and the black asterisk marks the position of the receptor base when the bond dissociates (i.e., break position). In rare cases (marked with arrows in Figure 6A ), load-bearing bonds are found on the leading side and, consequently, undergo a compression period of reduced load due to the cell translation and rotation. The bond marked with a black arrow dissociates immediately. The other two bonds marked with arrows undergo load reduction (down to 0 pN for the one marked with the green arrow) and then load increases before they dissociate. Each load and break position is described by its polar coordinates, radius r and angle 8 ((pB85p), as seen in Figure  6A . Each of the two sets of positions has a relatively smooth upper boundary (i.e., there are almost no positions to the left of the boundary). A larger sample of 4,509 bonds (based on simulations for 10 different cells with a total rolling time of 143 seconds) yields 95% confidence intervals (CIs) of 0.85690.003 and 1.05290.003 mm for the mean radius r of the load and break positions, respectively. The middle 95% of the sample load positions lie inside the 132-degree (i.e., j8j 066 degree) pie, and the upper boundary for those positions is approximately circular at r00.95 mm. The r value was computed by dividing the 132-degree pie into 3-degree slices, for a total of 44 slices. For each slice, the maximum observed radius was found and the mean value for the sample of 44 maximum radii was computed. Similarly, the middle 95% of the sample break positions lie in the 96-degree (i.e., j8j 048 degree) pie, and the upper boundary for those positions is approximately circular at r01.17 mm. Angle 8 is between910 or920 degrees for 18 and 36% of load positions and 23 and 46% of break positions, respectively. Figure 6BÁ6E describe the A study of the bond lifetimes revealed additional details about the nature of patterns similar to those in Figure 4B . Figure 7A presents the history of the seven bonds shown in Figure 5B as load-bearing at t 06.0528 s. Each bond is represented by a horizontal segment with three points. The left point marks the time when the bond is formed, the middle point marks the time when the bond becomes load bearing, and the right point marks the time when the bond dissociates. The red segment illustrates the period of time when the bond is load bearing. The bonds are formed at different times, but all become load bearing approximately at the same time. Therefore, the increase in the number of loadbearing bonds occurs suddenly. Bonds dissociate at different times. Therefore, the decrease in the number of load-bearing bonds occurs gradually, if no new load-bearing bonds are involved in the process. The above findings explain the pattern seen in Figure 4B . Our study shows that while the bond formation and dissociation events are governed by probabilistic rules (Equations 3, 4, 15, and 16), the dynamics of bond loading are strongly influenced by the instantaneous number of load-bearing bond clusters (because of the concentration of ligands at the microvilli tips [6] and because of randomly occurring microvillus clusters). Irregular fluctuations in the number of these clusters cause the commonly observed cell ''stop-start'' rolling behavior.
A total of 6,336 bonds were formed during our simulation for the 10 cells, with a total rolling time of 143 seconds. The percent histogram of the lifetimes for the bonds formed is given in Figure  7B . Of the 6,336 bonds formed, 4,509 lasted Load-bearing bonds in rolling leukocytes 123 MK Pospieszalska et al.
sufficiently long to become load bearing. The histogram of the durations of the load-bearing stage for these bonds is given in Figure 7C .
Numerical Descriptions of Cell Rolling
In order to obtain high-confidence numerical characteristics of the cell-rolling process for the set of parameters, assumed for the case study, we conducted 20 simulations for 20 different cells. Each simulation generated five to six seconds of cell rolling. The sample of 20 values was tested for normality by using a normal probability plot procedure. Our samples represent approximately normal distributions, resulting in 95% CIs of 3.4290.51 mm/s for the mean translational velocity, 164.590.5 nm for the mean cell body to substrate separation distance, 16.690.8 for the mean total number of bonds, 3.790.2 for the mean total number of loadbearing bonds, 0.3990.03 s for the mean bond lifetime, 6992.5% for the mean fraction of bonds that become load bearing, and 0.1390.01 s for the mean duration of the load-bearing stage of those bonds.
Sensitivity to Parameters
We also considered other scenarios that could change the effectiveness of cell rolling. To investigate how the translational velocity depends on physiological parameters, we studied cell rolling at lower wall shear rates of 25 s
(1 , higher P-selectin site densities of 200 molecules/mm 2 and 300 molecules/mm 2 , and higher temperatures of 302.5 and 3158K. For each new parameter, we performed 10 simulations, conducted and analyzed as described above, while all other parameters were the same as in the case study. The cell mean translational velocity, as a function of wall shear rate and as a function of P-selectin density, is given in Figure 7D , Figure 5 . Distribution of the locations of bond receptor bases (circles) at t06.0528 s (A) and t 06.0536 s (B), and also at t05.603 s (C) and t05.6121 s (D), for the sample cell discussed in Figure 2AÁD , 3, and 4. The load-bearing bond bases are marked with red circles. In B and D, solid ovals indicate groups of bonds located on the same microvillus, while dashed ovals indicate partially load-bearing microvillus clusters.
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together with 95% CIs. As the wall shear rate decreases or the P-selectin density increases, the cell mean translational velocity decreases, as expected [27] . The decrease is statistically highly significant. Two-sample Student's t-tests applied to the pairs of samples involved yield two P-values less than 0.0001 and two others of 0.001 and 0.009. The same types of tests revealed that the cell mean translational velocity is not sensitive to changes in temperature in a range of 290 to 3158K (data not shown). This leads to the conclusion that human neutrophil rolling at room temperature on P-selectin in vitro is similar to rolling at body temperature.
We also increased the number of microvilli per cell (2,306) and reduced the number of PSGL-1 dimers per microvillus (4), keeping the other parameters the same as in the case study. On average, based on 10 cell samples, the rolling neutrophil forms more bonds with the substrate (31), but only a few bonds are needed to maintain rolling (5). 95% CIs are 1.4990.13 mm/s for the mean translational velocity, 15991.05 nm for the mean cell body to substrate separation distance, 3191.8 for the mean total number of bonds, 5.390.23 for the mean total number of load-bearing bonds, 0.5390.04 s for the mean bond lifetime, 5692.54% for the mean Load-bearing bonds in rolling leukocytes 125 MK Pospieszalska et al.
fraction of bonds that become load bearing, and 0.1790.01 s for the mean duration of the loadbearing stage of those bonds. The bond formation, loading, and dissociation dynamics are the same as discussed earlier, with bond clustering (also due to the concentration of PSGL-1 molecules on the microvilli tips and the microvillus clusters) shaping the cell motion. Decreasing the wall shear rate to 25 s (1 reduces the mean translational velocity of 1.4990.13 to 0.4490.05 mm/s (95% CI). Increasing the P-selectin density to 300 molecules/mm 2 reduces the mean translational velocity to 0.789 0.07 mm/s (95% CI). Both decreases in the mean translational velocity are statistically highly significant. Two-sample Student's t-tests yield P-values less than 0.0001.
Comparison to Experiment
There is a limited number of experiments reported on human neutrophils rolling in flow chambers on P-selectin at low shear rates (our own unpublished data, 2007; Lawrence and Springer [27] , Yago et al., [45] ), with [27] being the most detailed. Experimental results can vary due to differences in the neutrophil isolation and substrate preparation methods. We did not adjust any parameters to match experimental data. For each case of shear rate and P-selectin site density values discussed below, all other parameters are as in the case study. Figure 2E shows the translational velocity for a human neutrophil rolling on P-selectin in our parallel-plate flow chamber experiment on roughly 150 molecules/mm 2 of P-selectin at a wall shear rate of 50 s
(1 (as in the case study). The cell was tracked with an active-contourÁbased automatic image-processing algorithm at 30 frames per second [39] . The neutrophil average translational velocity was measured at 1.52 mm/s, which falls into the slowest 5% of the model cells.
Our simulations, 10 for each case, at a wall shear rate of g 050 s Figure 5B ). Each bond is represented by a black segment (no load-time period) and a red segment (load-time period). Histograms of the lifetimes of the bonds formed (B), and of the corresponding load-bearing stage durations (never-loaded bonds excluded) (C), both based on simulations of the 10 cells rolling for a total of 143 seconds discussed in Figure 6BÁE . (D) Translational velocity, V tr , as a function of P-selectin density and wall shear rate (insert). All parameters, except the independent variable, are as in the case study ( Table 1 ). The 95% confidence intervals for the cell mean translational velocity are given in mm/s. Each interval is based on simulations of at least 10 different cells rolling for five to six seconds each. [27] . Results of [27] predict the mean translational velocities falling between 1.9 and 3.6 mm/s for a P-selectin density of 150 molecules/mm 2 and between 1 and 1.9 mm/s for a P-selectin density of 300 molecules/mm 2 . For a P-selectin density of 200 molecules/mm 2 , a case described in detail in [27] , the interval given in [27] is 1.990.7 mm/s mean9 SEM. The interval is based on all cells that rolled in the time period of observation (89% of all cells observed).
There is good agreement between our results and the measurements of [45] . For a P-selectin site density of 145 molecules/mm 2 , a case discussed in [45] , five simulations with g 050 s (1 yield a sample mean translational velocity of 3.78 mm/s [sample standard deviation (SD) 00.59 mm/s], while the corresponding data of [45] , based on five experiments, are 3.8 mm/s (SD 00.4 mm/s). At elevated wall shear rates, cells modeled as rigid spheres with nonextendable microvilli roll faster than experimental cells, with average translational velocities of 68, 90, 95, and 97% of free stream velocity for wall shear rates of 75, 100, 150, and 200 s (1 , respectively.
DISCUSSION
In spite of tremendous progress in measuring the molecular and cellular processes involved in inflammation, the dynamics of leukocyte recruitment cannot be fully understood without quantitative modeling. ETMA allowed for a comprehensive study of the subgroup of bonds, which at some point in time, become load bearing and, therefore, determine the cell's rolling, which has not been rigorously investigated before. Although it has been surmised that load-bearing bonds must be near the trailing edge, no formal treatment of their exact location can be found in the literature. Caputo and Hammer [7] show a cartoon of the location of load-bearing bonds in their Figure 2 , but do not provide any experimental or modeling evidence. Here, we identify the location, number, lifetime, history, and kinetics of load-bearing bonds and make new predictions concerning their influence on cell rolling. We also make new predictions concerning the cell body to substrate separation distance, which might become accessible to new experimental techniques in the future.
Surprisingly, very few load-bearing bonds are needed to maintain rolling, and about 30% of bonds are wasted, since they don't last long enough to become load bearing. We observe that in addition to bond clusters due to the concentration of PSGL-1 molecules on the microvilli tips, large microvillus clusters can occur, as illustrated in Figure 5B and 5D. That is consistent with the scanning electron micrograph of the cell's surface shown in Figure 1A .
Since the loading events in a bond cluster were found to rapidly encompass all available bonds, we conclude that the number of bond clusters approaching the loading zone determines how ''jerky'' the cell rolling will be. Our p-calculusÁdriven ETMA is an alternative to AD of Hammer and Apte [18] , the only published direct model of leukocyte rolling. The physics in ETMA are standard, based on Goldman-Cox-Brenner theory, and are used as in [44] and AD. However, the modeling method is quite different from that used in AD.
. ETMA progresses by varying time steps driven by bond events, while AD progresses by fixed, predefined time steps. . ETMA implements each bond event when it occurs, while AD implements each bond event at the end of the corresponding time step. . The occurrence of an event immediately changes the dynamic state of the system and has direct influence for the future evolution of the system. ETMA gives each bond event a chance to have an individual impact by implementing the events in their natural sequence, while AD implements
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bond events in the same time step as coincidental, when they are actually sequential. . ETMA allows a bond to form and break within any predefined time interval, such as the AD's time step, while AD doesn't allow for a bond to form and break within the same time step. The selection of events in AD depends exclusively on the state of the system at the beginning of the time step. Consequently, two selected events, implemented at the end of a time step as coincidental, cannot involve the same receptor-ligand pair. . ETMA provides high temporal resolution of bond events, while AD delays bond events and may lump them when longer time steps are used. . ETMA is computationally efficient, minimizing the number of system updates for maximum accuracy of event implementation, while AD becomes computationally costly when short time steps are used in an attempt to improve accuracy.
ETMA's event implementation accuracy and computational efficiency constitute an advantage over the fixed time step of the AD model. No matter how small the fixed time step, the probabilistic nature of bond formation and dissociation events may yield two or more bond events for some time steps. Even AD simulations using a fixed time step of 0.1 ms [7] may not be sufficient, since in our case study the shortest time separation between consecutive events was 0.0137 ms. ETMA implements bond events accurately, as they occur, while AD implements them in groups at the ends of corresponding time steps, which only approximates the true dynamics of the system. The AD model is not capable of achieving the level of temporal resolution of bond events offered by ETMA, but can improve its accuracy by shortening its fixed time step to lower the probability of more than one bond event in each time step. However, that decreases the computational efficiency by generating many ''empty'' time steps where no bond events occur, which have to be processed at a computational cost. In ETMA, the system updates occur when the bond events occur with additional updates in between, only if needed to keep track of cell motion.
CONCLUSIONS
ETMA, as presented here, has certain limitations. Currently, and like other models, we cannot model leukocyte rolling at high wall shear rates. This is most likely due to the model's inability to account for whole cell and bound state microvillus deformations, which are significant in these cases. Future refinements of ETMA will be needed to accommodate these cases. Despite its limitations, ETMA provides a method for a highly precise, direct simulation of leukocyte rolling. ETMA sets a foundation upon which further refinements can be introduced that will allow the modeling of leukocyte rolling at high wall shear rates, with different and multiple ligands, and for different cell types.
